Macrophage ATP-binding cassette transporter A1 (ABCA1), scavenger receptor class B type I (SR-BI), and ABCG1 have been shown to promote cholesterol efflux to extracellular acceptors in vitro and influence atherosclerosis in mice, but their roles in mediating reverse cholesterol transport (RCT) from macrophages in vivo are unknown. Using an assay of macrophage RCT in mice, we found that primary macrophages lacking ABCA1 had a significant reduction in macrophage RCT in vivo, demonstrating the importance of ABCA1 in promoting macrophage RCT, however substantial residual RCT exists in the absence of macrophage ABCA1. Using primary macrophages deficient in SR-BI expression, we found that macrophage SR-BI, which was shown to promote cholesterol efflux in vitro, does not contribute to macrophage RCT in vivo. To investigate whether macrophage ABCG1 is involved in macrophage RCT in vivo, we used ABCG1-overexpressing, -knockdown, and -knockout macrophages. We show that increased macrophage ABCG1 expression significantly promoted while knockdown or knockout of macrophage ABCG1 expression significantly reduced macrophage RCT in vivo. Finally, we show that there was a greater decrease in macrophage RCT from cells where both ABCA1 and ABCG1 expression were knocked down than from ABCG1-knockdown cells. These results demonstrate that ABCA1 and ABCG1, but not SR-BI, promote macrophage RCT in vivo and are additive in their effects.
Introduction
Reverse cholesterol transport (RCT) is believed to be the primary mechanism by which HDL and its major protein apoA-I protect against atherosclerosis (1) . While all cells are capable of effluxing cholesterol, cholesterol efflux from macrophages is the most important with regard to atherosclerosis and represents the first critical step of RCT (2) . Several molecules have been suggested to play important roles in determining macrophage cholesterol efflux. ATP-binding cassette transporter A1 (ABCA1) mediates cholesterol efflux from macrophages to lipid-free apoA-I (3) (4) (5) . Macrophages lacking ABCA1 have reduced cholesterol efflux to lipid-free apoA-I in vitro (6, 7) . Furthermore, mice that lack ABCA1 expression in macrophages developed accelerated atherosclerosis (7) . Conversely, mice with macrophage overexpression of ABCA1 have decreased atherosclerosis (8) . However, it has not been demonstrated to what extent ABCA1 is critical for macrophage cholesterol efflux and RCT in vivo.
Scavenger receptor class B type I (SR-BI) is expressed in hepatocytes and macrophages and mediates cholesterol efflux to mature HDL in vitro (9) . Hepatic expression of SR-BI promoted liver HDL-cholesterol uptake and increased RCT in vivo (10) . Mice with SR-BI-deficient macrophages have increased atherosclerosis (11, 12) . However, it remains unclear whether the macrophage SR-BI can promote net macrophage cholesterol efflux and RCT in vivo.
ABCG1 was recently identified as being a mediator of macrophage cholesterol efflux to mature HDL in vitro. Macrophages lacking ABCG1 expression have impaired cholesterol efflux to HDL but not to lipid-free apoA-I in vitro (13, 14) . ABCA1 and ABCG1 have been shown to function cooperatively to remove cholesterol from cells in vitro (15) . Mice lacking ABCG1 have evidence of lipid accumulation in certain tissue macrophages (14, 16) , but the mechanism of this has not been proven to be impaired cholesterol efflux and RCT in vivo. Furthermore, the role of macrophage ABCG1 in the development of atherosclerosis remains uncertain: independent studies have shown that mice that lack macrophage ABCG1 expression had either decreased (17, 18) or increased (19) atherosclerosis. Therefore, it is critical to establish whether ABCG1 contributes to macrophage cholesterol efflux and RCT in vivo.
In the present study, we quantitatively assessed the roles of macrophage ABCA1, SR-BI, or ABCG1 in macrophage RCT in vivo. Primary macrophages lacking ABCA1 demonstrated a significant, 30% reduction in macrophage RCT, indicating substantial residual efflux in vivo. Primary macrophages lacking SR-BI did not differ from WT macrophages in macrophage RCT, indicating little role for macrophage SR-BI in this process in vivo. Finally, using J774 macrophages with either increased or reduced ABCG1 expression as well as primary macrophages lacking ABCG1 expression, we determined that ABCG1 played a critical role in promoting macrophage RCT in vivo. Furthermore, by knocking down ABCA1 and ABCG1 simultaneously, we demonstrated that ABCA1 and ABCG1 functioned cooperatively to mediate macrophage RCT in vivo.
Results

ABCA1-deficient macrophages exhibit reduced RCT in vivo.
To investigate whether macrophage expression of ABCA1 is required for RCT in vivo, we first characterized cholesterol efflux from BM-derived macrophages (BMMs) of ABCA1-KO mice to either apoA-I or mouse whole serum. Ablation of ABCA1 expression in macrophages completely inhibited cholesterol efflux to lipid-free apoA-I ( Figure 1A ). More importantly, cholesterol efflux from ABCA1-KO BMMs to mouse whole serum was decreased by 40% compared with that from WT BMMs ( Figure 1B ). To confirm that the reduced cholesterol efflux to apoA-I and mouse whole serum was the result of ABCA1 deficiency, we used probucol to specifically inhibit the ABCA1-mediated cholesterol efflux in WT macrophages. After the addition of probucol, cholesterol efflux from WT BMMs was reduced to the level of efflux from ABCA1-KO BMMs (Figure 1, A and B) .
Next, we investigated the role of macrophage expression of ABCA1 in RCT in vivo. Cholesterol-loaded, liver X receptor (LXR) agonist-treated, and [ 3 H]cholesterol-labeled ABCA1-KO and WT BMMs were injected i.p. into WT C57BL/6 mice that had been treated with an LXR agonist for 2 weeks. We then followed the [ 3 H]tracer level in plasma at 2, 6, 24, and 48 hours after injection and integrated the [ 3 H]tracer level in feces collected through the 0-to 48-hour period. Plasma [ 3 H]tracer levels from mice injected with ABCA1-KO BMMs were decreased by 27% (P < 0.01), as calculated by the area under the curve after injection of labeled macrophages ( Figure 1C ). Furthermore, fecal [ 3 H]tracer excretion from ABCA1-KO BMM-injected mice compared with control BMM-injected mice was reduced by 37% (P < 0.01; Figure 1D ). An additional independent experiment using ABCA1-KO and W T BMMs yielded similar results (data not shown). Furthermore, 2 independent RCT experiments using mouse peritoneal macrophages (MPMs) from ABCA1-deficient and control mice resulted in an average decrease of 38% (P < 0.001) in plasma [ 3 H]tracer level as calculated by the area under curve and a 25% decrease (P < 0.05) in fecal [ 3 H]tracer level (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI32057DS1). These data indicate that macrophage expression of ABCA1 plays an important role in RCT from macrophages in vivo but that substantial efflux and RCT still occur even in the absence of macrophage ABCA1.
SR-BI-deficient macrophages exhibit no significant reduction in RCT in vivo. The fact that substantial RCT took place even from ABCA1-KO cells suggested the existence of alternative pathways by which cholesterol from macrophages can be effluxed in vivo. SR-BI, a receptor known to be expressed on the surface of macrophages, has been shown to mediate cholesterol efflux to HDL in vitro (9) . Therefore, we investigated whether deletion of macrophage SR-BI reduced macrophage RCT in vivo. Consistent with a previous report (20) , we found that cholesterol loading significantly reduced SR-BI protein expression in primary murine macrophages (Figure 2A ). Therefore, we decided to use unloaded macrophages for the SR-BI experiments. First, we performed cholesterol efflux studies using BMMs isolated from SR-BI-KO and control mice. There was no difference in cholesterol efflux to either HDL 3 or mouse whole serum from SR-BI -/-and control macrophages ( Figure 2B ). Next, we injected [ 3 H]cholesterol-labeled SR-BI -/-or control BMMs into WT mice to measure the rate of RCT in vivo. (20 μM) . Cholesterol efflux was determined in the presence of lipid-free apoA-I (10 μg/ml) for 2 hours. Data are expressed as mean ± SD; n = 3. ***P < 0.001. (B) Cholesterol efflux was determined as described above, except 2.5% mouse whole serum was used as the acceptor. Data are expressed as mean ± SD; n = 3. ***P < 0.001. (C and D) For the in vivo RCT experiment, WT C57BL/6 mice that had been treated with an LXR agonist for 2 weeks were injected i.p. with [ 3 H]cholesterol-labeled, acLDL-loaded, and LXR agonist-treated BMMs from ABCA1 +/+ or ABCA1 -/-mice. Mice were bled at 2, 6, 24, and 48 hours after injection. n = 8 mice per group. Data are expressed as the percentage of tracer relative to total cpm tracer injected ± SEM. **P < 0.01. Figure 2, A and B) , as did an experiment using cholesterol-loaded MPMs from control and SR-BI -/-mice (data not shown). These data indicate that macrophage SR-BI does not contribute to macrophage RCT in vivo to any great extent and is unlikely to account for the residual RCT we observed from ABCA1 -/-macrophages.
Overexpression of ABCG1 in J774 macrophages promotes cholesterol efflux ex vivo and RCT in vivo. ABCG1, another ATP-binding cassette family member, promotes cholesterol efflux to mature HDL particles and, like ABCA1, is upregulated by LXR (21) . We investigated whether ABCG1 can mediate macrophage RCT in vivo. First, to determine whether overexpression of ABCG1 in macrophages can promote cholesterol efflux and RCT, we generated J774 macrophages stably overexpressing ABCG1 (J774-ABCG1-OE macrophages) by transducing WT J774 macrophages with lentivirus expressing the full-length ABCG1 cDNA. ABCG1 mRNA levels were significantly higher in J774-ABCG1-OE cells compared with control cells ( Figure 3A) , and Western blotting demonstrated that ABCG1 protein expression was greater in J774-ABCG1-OE macrophages than in control cells, in both the absence and presence of an LXR agonist ( Figure 3B ). Furthermore, we observed a 40% increase in cholesterol efflux to HDL 3 and a 28% increase in cholesterol efflux to mouse whole serum from J774-ABCG1-OE macrophages loaded with acetylated LDL (acLDL) and treated with an LXR agonist ( Figure 3C ).
We assessed in vivo macrophage RCT by injecting [ 3 H]cholesterol-labeled, cholesterol-loaded, and LXR agonist-treated J774-ABCG1-OE and control J774 macrophages into LXR agonist-treated C57BL/6 WT mice. Plasma [ 3 H]tracer levels in mice injected with J774 macrophages overexpressing ABCG1 were increased by 30% (P < 0.01) as calculated by comparing the area under the curve for mice injected with J774-ABCG1-OE macrophages with that for mice injected with control macrophages ( Figure 3D ). Moreover, the fecal [ 3 H]tracer excretion was 52% higher from mice injected with J774 macrophages overexpressing ABCG1 (P < 0.01; Figure 3E ). These data indicate that elevated levels of macrophage ABCG1 promote macrophage RCT in vivo.
Silencing of ABCG1 in J774 cells significantly reduces cholesterol efflux in vitro and RCT in vivo.
We generated lentiviral vectors encoding shRNA targeting murine ABCG1 and used them to transduce WT J774 cells in order to produce cell lines that have stably knocked down ABCG1 expression (J774-ABCG1-KD). J774 cells transduced with a lentiviral vector encoding shRNA targeting lacZ and otherwise passaged identically were used as the control cells (J774-control). Murine Abcg1 mRNA was reduced more than 50% in the untreated J774-ABCG1-KD cells and by 70% in LXR agonist-treated J774-ABCG1-KD cells compared with similarly treated control cells ( Figure 4A ). ABCG1 protein levels were also substantially reduced in J774-ABCG1-KD cells ( Figure 4B ). ABCA1 and SR-BI expression did not differ in control and ABCG1-KD cells under the various conditions studied (data not shown).
We investigated whether decreased expression of ABCG1 in J774 cells would cause reduced cholesterol efflux. After cells were cholesterol loaded with acLDL, cholesterol efflux to HDL 3 was 20% less from J774-ABCG1-KD cells compared with control cells, whereas after cells were both cholesterol loaded and LXR agonist treated, cholesterol efflux to HDL 3 was 35% lower from J774-ABCG1-KD cells compared with control cells ( Figure 4C ). J774-ABCG1-KD cells also had significantly reduced cholesterol efflux to whole mouse serum ( Figure 4D ).
To determine whether the reduced expression of ABCG1 influenced RCT in vivo, we injected [ 3 H]cholesterol-labeled, cholesterol-loaded, and LXR agonist-treated J774-ABCG1-KD or control cells into LXR agonist-treated WT C57BL/6 mice. The plasma [ 3 H]cholesterol levels in mice injected with J774-ABCG1-KD cells were 30% (P < 0.001) lower than those in mice injected with J774 control cells as calculated by the area under curve ( Figure 4E ). Furthermore, the total fecal [ 3 H]steroid excretion from mice injected with J774-ABCG1-KD cells was 40% lower than that from mice injected with control cells (P < 0.05; Figure 4F ), indicating that reduced expression of ABCG1 impairs macrophage RCT in vivo. Similar results were obtained in 2 additional independent experiments (data not shown).
Ablation of ABCG1 expression in primary macrophages significantly reduces RCT in vivo. To confirm that ABCG1 can promote cholesterol efflux and RCT in vivo in primary macrophages, we used BMMs from ABCG1-KO mice. BMMs lacking ABCG1 had significantly decreased cholesterol efflux to HDL 3 when cells were loaded with acLDL and treated with an LXR agonist ( Figure 5A ), whereas there was no difference in cholesterol efflux from ABCG1-KO BMMs to free apoA-I. When mouse whole serum was used as the cholesterol acceptor, cholesterol efflux was decreased 15% from ABCG1-KD BMMs compared with WT control BMMs ( Figure 5B ). To test whether the residual cholesterol efflux from ABCG1-KO BMMs to mouse serum was ABCA1 mediated, we used probucol to specifically inhibit ABCA1-mediated cholesterol efflux and found that cholesterol efflux was reduced further, by 40% ( Figure 5B ). Overall, in cells lacking ABCG1 and treated with probucol to block ABCA1, cholesterol efflux was decreased by 70%, suggesting that ABCG1 and ABCA1 are responsible for the majority of cholesterol efflux from primary macrophages to mouse whole serum. A very similar estimate of the combined contribution of ABCA1 and ABCG1 to mass cholesterol efflux to HDL was obtained by knocking down ABCA1 in ABCG1 -/-primary peritoneal macrophages (22) .
We performed in vivo RCT experiments using BMMs from ABCG1-KO mice. The plasma [ 3 H]cholesterol levels in mice injected with ABCG1-KO BMMs were decreased by 20% (P < 0.001), as measured by the area under the curve, compared with those in mice injected with WT BMMs ( Figure 5C ). Total fecal [ 3 H]steroid excretion was 25% lower in feces collected from ABCG1-KO BMM-injected mice (P < 0.01; Figure 5D ). Similar results were obtained in a second independent RCT experiment using BMMs. Furthermore, 2 separate RCT experiments using MPMs from ABCG1-deficient and control mice resulted in an average decrease of 25% (P < 0.05) in plasma [ 3 H]tracer level, as calculated by the area under curve, and average decrease of 27% (P < 0.05) in fecal [ 3 H]tracer excretion (Supplemental Figure 3, A and B) . Thus, primary macrophages that lack ABCG1 expression had significantly impaired macrophage RCT in vivo.
ABCA1 and ABCG1 cooperatively mediate macrophage RCT in vivo. To investigate whether ABCA1 and ABCG1 function cooperatively in mediating macrophage RCT in vivo, we generated stable ABCA1-and ABCG1-double-KD (ABCG1-DKD) J774 cells by transfecting and stably expressing shRNA against ABCA1 in the ABCG1-KD cells described above. The abca1 mRNA level was reduced by 50%, while abcg1 mRNA levels remained unchanged in DKD cells compared with ABCG1-KD cells ( Figure 6A ). While ABCG1-KD cells had no significant decrease in cholesterol efflux to free apoA-I, the DKD cells had a greater than 85% reduction in cholesterol efflux to free apoA-I ( Figure 6B ), indicating that ABCA1 was effectively knocked down in these cells. When mouse whole serum was used as the acceptor, cholesterol efflux from ABCG1-KD cells was reduced by 30% (Figure 6C ), while DKD cells had a 10% further decrease in cholesterol efflux to mouse serum compared with ABCG1-KD cells ( Figure  6C ). Probucol treatment (to inhibit ABCA1 function) reduced cholesterol efflux to mouse serum by only an additional 14% in the DKD cells ( Figure 6C ). These data suggest that ABCA1 and ABCG1 cooperatively mediate cholesterol efflux to mouse serum.
We performed in vivo RCT experiments using control, ABCG1-KD, and DKD cells. As above, mice injected with ABCG1-KD cells had significantly reduced plasma and fecal [ 3 H]tracer levels com- Figure 1 . Cholesterol efflux was determined in the presence of HDL3 (25 μg/ml) or 2.5% mouse whole serum for 4 hours. Data are expressed as mean ± SD; n = 3. *P < 0.05; **P < 0.01. (D and E) The RCT experiment was done as described in Figure 1 More importantly, the plasma [ 3 H]cholesterol level in mice injected with DKD cells was decreased by 15% (P < 0.01) compared with that in mice injected with ABCG1-KD cells and by 66% (P < 0.001) compared with that in mice injected with control cells, as calculated by the area under curve ( Figure 6D ). The total fecal [ 3 H]steroid excretion was also reduced by 23% (P < 0.05) compared with that in mice injected with ABCG1-KD cells and 40% (P < 0.001) compared with that in mice injected with control cells ( Figure 6E ). Taken together, these data indicate that ABCG1 and ABCA1 contribute in an additive fashion to macrophage RCT in vivo.
Discussion
In the present study, we show quantitatively that macrophage ABCA1 contributes to macrophage RCT in vivo, but that substantial residual efflux and RCT still occur. Mice that were injected with macrophages lacking ABCA1 expression had significantly lower macrophage-derived [ 3 H]cholesterol levels in plasma and feces over the 48-hour experimental period compared with mice injected with WT macrophages, but there was still a substantial amount of tracer appearing in plasma and being excreted in feces even in mice injected with ABCA1 -/-macrophages. We investigated whether macrophage SR-BI expression might mediate this residual efflux and showed that macrophage RCT was not significantly different in mice injected with either SR-BI -/-or control macrophages, suggesting that macrophage SR-BI does not substantially contribute to macrophage RCT in vivo. Next, we determined whether macrophage ABCG1 was able to promote macrophage cholesterol efflux and RCT in vivo. We utilized stable ABCG1-OE macrophages to show that elevated ABCG1 expression promoted cholesterol efflux and RCT in vivo. Conversely, we showed that stable ABCG1-KD macrophages or primary ABCG1-KO macrophages reduced cholesterol efflux and RCT in vivo. Finally, we knocked down both ABCA1 and ABCG1 and demonstrated that these DKD macrophages had significantly reduced RCT in vivo compared with single ABCG1-KD cells. Thus, both ABCA1 and ABCG1, but not SR-BI, are key regulators of macrophage RCT in vivo.
Previously, in vitro data have shown that ABCA1 plays important roles in cholesterol and phospholipid efflux to lipid-poor apoA-I but not to mature HDL. Mutations in ABCA1 cause Tangier disease in patients that is characterized by HDL deficiency and increased susceptibility to atherosclerosis (23) (24) (25) (26) . Specific deletion of ABCA1 expression in macrophages in LDL receptor-KO (LDLR-KO) mice induced atherosclerosis (7) . Conversely, overexpression of ABCA1 in macrophages inhibited atherosclerotic lesion development in LDLR-KO mice (8) . No significant changes in plasma lipid levels were observed in either study. These data suggest that macrophage ABCA1 plays a role in preventing atherosclerosis, independent of plasma HDL cholesterol levels. Our results here are consistent with the concept that macrophage ABCA1 protects against atherosclerosis at least in part by promoting macrophage cholesterol efflux and RCT in vivo.
Importantly, there was substantial residual RCT even from ABCA1-deficient macrophages, suggesting the existence of alternative pathways that are relevant in vivo. SR-BI is known to promote cholesterol efflux from macrophage to HDL as an acceptor (27), but this flux can be bidirectional and has uncertain effects on macrophage cholesterol mass. Hepatic SR-BI is certainly a critical regu- Cholesterol efflux assay was performed as described in Figure 1 in the presence of HDL3 (25 μg/ml) or 2.5% mouse whole serum for 4 hours. Data are expressed as mean ± SD; n = 3. **P < 0.01; ***P < 0.001. (E and F) The RCT experiment was performed as described in Figure 1 with [ 3 H]cholesterol-labeled, acLDL-loaded, and LXR agonist-treated J774 control macrophages and ABCG1-KD macrophages. n = 8 mice per group. Data are expressed as the percentage of tracer relative to total cpm tracer injected ± SEM. *P < 0.05; **P < 0.01; ***P < 0. lator of HDL metabolism in mice, as SR-BI KO mice have elevated large, cholesterol-rich HDL in plasma (28) . SR-BI-KO mice have markedly accelerated atherosclerosis (11, 28, 29) , related at least in part to impaired RCT due to hepatic deficiency of SR-BI (10). Mice transplanted with BM from SR-BI-deleted mice also generally develop increased atherosclerosis (11, 12, 30) , but the mechanism of this effect is unknown and not proven to be impaired macrophage RCT. We found that SR-BI -/-macrophages had similar levels of cholesterol efflux to HDL 3 ex vivo, and, more importantly, when we injected SR-BI -/-and control primary macrophages into mice, similar levels of RCT were observed, suggesting that macrophage SR-BI does not contribute to macrophage RCT in vivo. Our data here suggest that the mechanisms by which hematopoetically derived SR-BI is atheroprotective are likely to be independent of SR-BI-mediated cholesterol efflux from macrophages.
We further investigated the quantitative role of ABCG1 in macrophage cholesterol efflux and RCT in vivo. ABCA1 and ABCG1 are regulated by LXR in a similar fashion. Macrophages that are loaded with acLDL express significantly higher levels of both ABCA1 and ABCG1, a mechanism that protects against cholesterol toxicity by promoting free cholesterol efflux. Previous studies have shown that ABCG1, in contrast to ABCA1, promotes cholesterol efflux from macrophages to HDL particles but not to lipid-poor apoA-I in vitro (13, 14) . Furthermore, mice deficient in ABCG1 have increased tissue macrophage lipid accumulation in vivo (14, 18) . Our studies here used 3 independent approaches to assess specifically whether macrophage ABCG1 is involved in macrophage cholesterol efflux and RCT in vivo. First, J774 macrophages overexpressing ABCG1 had significantly increased RCT in vivo compared with control macrophages. Second, J774 macrophages with reduced ABCG1 expression demonstrated impaired RCT in vivo. Third, primary macrophages (both BMMs and MPMs) with ablated ABCG1 expression also had significantly decreased RCT in vivo. These data demonstrate that ABCG1 promotes macrophage cholesterol efflux and RCT in vivo.
Our results suggest that macrophage ABCG1 might be expected to be inhibitory of atherosclerosis development by promoting macrophage efflux and RCT in vivo. However, several recent studies have provided conflicting results on the roles of macrophage ABCG1 in the development of atherosclerosis in mice. Out et al. showed that macrophage deletion of Abcg1 led to a modest but significant increase in atherosclerotic lesion development in LDLR-KO mice (19) . However, 2 other studies observed decreased atherosclerosis in LDLR -/-mice transplanted with Abcg1 -/-BM (17, 18) . Each group has provided different mechanistic explanations that are not mutually exclusive. Ranalletta et al. (17) observed significant induction of ABCA1 and increased apoE secretion in ABCG1-deficient macrophages and suggested that these compensated for the lack of ABCG1-mediated cholesterol efflux. Baldan et al. (18) observed accelerated apoptosis of Abcg1 -/-macrophages and suggested that this might result in smaller atherosclerotic lesions. Clearly, macrophage cholesterol efflux and RCT constitute only one factor involved in the overall impact of an ABC transporter on atherosclerosis, and other factors, such as compensatory upregulation of LXR target genes and apoptosis, can also have effects on atherosclerosis beyond those of RCT. ABCA1 and ABCG1 have been shown to mediate cholesterol efflux to lipid-poor apoA-I and mature HDL, respectively. Recent studies indicate that ABCA1 may lipidate lipid-poor apoA-I to generate nascent HDL, which can then act as acceptor for ABCG1-mediated cholesterol efflux (15) . It is not known whether ABCA1 and ABCG1 function dependently or independently in the process of macrophage cholesterol efflux and RCT in vivo. To further investigate the role of ABCA1 and ABCG1 in macrophage RCT in vivo, we generated DKD J774 cells. Cholesterol efflux to free apoA-I was reduced by more than 85% from the DKD cells, suggesting that ABCA1 expression was very effectively suppressed. Mice
Figure 5
ABCG1-deficient BMMs have reduced cholesterol efflux ex vivo and RCT in vivo. (A) Cholesterol efflux assay was determined as described in Figure 1 with BMMs from WT (ABCG1 +/+ ) or ABCG1-KO (ABCG1 -/-) mice. Cholesterol efflux was determined in the presence of HDL3 (25 μg/ml) or lipid-free apoA-I (10 μg/ml) for 2 hours. Data are expressed as mean ± SD; n = 3. *P < 0.05. (B) Cholesterol efflux was determined as described above, except cells were incubated for 2 hours either in the presence or absence probucol (20 μM) prior to the addition of 2.5% mouse whole serum as the acceptor. Data are expressed as mean ± SD; n = 3. **P < 0.01; ***P < 0.001. (C and D) The RCT assay was performed as described in Figure 1 injected with DKD cells had a modest but significant decrease in macrophage RCT compared with mice injected with ABCG1-KD cells. These data suggest that ABCA1 and ABCG1 cooperatively contribute to macrophage RCT in vivo. There was still a substantial level of RCT remaining in mice injected with ABCA1 and ABCG1 DKD cells. This is likely due in part to the residual expression of ABCA1 and ABCG1 in these J774-KD cells. In addition, passive diffusion could account for some of the ABCA1/ABCG1-independent cholesterol efflux out of macrophages. Finally, it is possible that there are additional molecular regulators of macrophage efflux that are yet to be identified.
In summar y, we demonstrate that macrophage ABCA1 and ABCG1, but not SR-BI, promote RCT in vivo and that ABCA1 and ABCG1 are additive in their effects. These results suggest that therapeutic intervention to increase macrophage ABCA1 and ABCG1 expression may be an effective strategy to enhance macrophage RCT and potentially reduce atherosclerosis.
Methods
Reagents and plasmid constructs. Blasticidin S HCl and G418 were purchased from Invitrogen. The LXR agonist GW3965 was obtained from GlaxoSmithKline and has been described previously (31) . The shRNA sequences for murine ABCG1 were designed u s i n g I n v i t r o g e n ' s o n l i n e BLOCK-iT RNAi Designer (www. invitrogen.com/rnai). Control shRNA sequences for lacZ were provided by Invitrogen. Complementary DNA oligonucleotides were annealed and cloned into pENTR/U6 (Invitrogen). Then the expression constructs were generated by performing an LR recombination reaction between the pENTR/U6 entry construct and pLenti6/BLOCK-iT-DEST expression construct according to the manufacturer's instructions. Final constructs were confirmed by DNA sequencing. The murine Abcg1 RNAi sequence was: 5′-GGAAGTCCACACT-CATGAATA-3′. SureSilencing shRNA and scrambled control plasmids for murine ABCA1 were purchased from SuperArray Bioscience Corp. The murine Abca1 RNAi sequence was: 5′-TCCCT-GGGTGTCAGTAATTCT-3′. Lentiviral vector transduction. Lentiviral stocks were produced by cotransfecting the pLenti6/BLOCK-iT-DEST constructs expressing shRNA targeting lacZ and Abcg1 with ViraPower Packaging Mix (Invitrogen) into the 293FT Producer Cell Line (Invitrogen). Then, these lentiviral stocks were used to transduce WT J774 cells. Stably transduced cell lines were selected in DMEM supplemented with 10% FBS and 5 μg/ml blasticidin. RNA expression of targeted gene in each cell line was examined by quantitative RT-PCR.
Cell culture. J774 cells obtained from ATCC were grown in DMEM supplemented with 10% FBS. J774-control (stably expressing shRNA targeting lacZ) and J774-ABCG1-KD (stably expressing shRNA targeting murine Abcg1) were grown in DMEM supplemented with 10% FBS and 5 μg/ml blasticidin.
Figure 6
Double knockdown of ABCA1 and ABCG1 in J774 macrophages impairs cholesterol efflux in vitro and RCT in vivo. (A) Quantitative analysis of mRNA expression of abca1 and abcg1 in control, ABCG1-KD, and ABCA1/ABCG1-DKD cells by quantitative RT-PCR. Data are expressed as fold change ± SD and normalized to mouse 18S rRNA. (B) Cholesterol efflux assay was performed as described in Figure 1 using lipid-free apoA-I (10 μg/ml) as the acceptor. (C) Cholesterol efflux was determined as described above, except cells were incubated for 2 hours either in the presence of absence of probucol (20 μM) prior to the addition of 2.5% mouse whole serum as the acceptor. Data are expressed as mean ± SD; n = 3. **P < 0.01; ***P < 0.001. (D and E) The RCT assay was performed as described in Figure 1 with [ 3 H]cholesterol-labeled, acLDL-loaded, and LXR agonist-treated control, ABCG1-KD, and DKD cells. n = 6 mice per group. Data are expressed as the percentage of tracer relative to total cpm tracer injected ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 
